Phytosterols are bioactive compounds, one of their most studied and outstanding properties being their cholesterol-lowering activity. This explains the growing interest in the phytosterol contents of foods as either intrinsic or added components. The different steps (extraction, saponification, clean up, chromatographic determination) of plant sterol determination are reviewed, and emphasis is placed on the methods used to assay different phytosterols in food.
Introduction
Plant sterols (phytosterols) are bioactive components of all vegetable foods. They are 28-or 29-carbon alcohols and resemble cholesterol in vertebrates in terms of both function (stabilization of phospholipid bilayers in plant cell membranes) and structure (steroid nucleus, 3␤-hydroxyl group, 5, 6 double bond). Phytosterols contain an extra methyl or ethyl group, or double bond; most phytosterol side chains contain 9-10 carbon atoms, instead of 8 as found in cholesterol. Phytosterols have been classified as 4-demethylsterols of the cholestane series, all of which have double bonds at the C-5 position of the ring [1] [2] [3] .
In plants, more than 200 different types of phytosterols have been reported the most abundant being ␤-sitosterol (24-␣-ethylcholesterol), campesterol (24-␣-methylcholesterol) and stigmasterol ( 22 , 24-␣-ethylcholesterol). Ergosterol 7, 22 , 24-␣-methylcholesterol is the principal sterol of yeast and is found in corn, cotton seed, peanut and linseed oils [3] . Structures of the most commonly phytosterols found in food are included in Fig. 1 .
In nature, sterols can be found as free sterols or as four types of conjugates in which the 3␤-hydroxyl group is esterified to a fatty acid or a hydroxycinnamic acid, or glycosylated with a hexose (usually glucose) or a 6-fatty acyl hexose. Glycosides are the most common form found in cereals [2] .
Phytostanols, a fully saturated subgroup of phytosterols, are intrinsic constituents of cereals (corn, wheat, rye and rice), fruits and vegetables, but their concentrations are generally lower than those of unsaturated plant sterols [4, 5] .
Phytosterol potency in decreasing serum low-density lipoprotein (LDL) cholesterol levels and thus in protecting against cardiovascular diseases, has led to the development of functional foods enriched with plant sterols.
In 1999, a panel of independent scientists in the United States concluded that plant sterol esters can be Generally Recognized as Safe (GRAS) for use as an ingredient in vegetable oil spreads at a level up to 13.3% by weight. The United States FDA acknowledged the GRAS notification for the intended conditions of use [6] . In Europe, the Scientific Committee on Food approved the use of phytosterol esters in yellow spreadable fats at a maximum level of 8% of free sterols in 2000, after a thorough review of the safety of phytosterols, phytostanols and their esters [7] . More recently, the European Union has issued a commission regulation, EC 608/2004 of 31 March 2004, concerning the labeling of foods and food ingredients with added phytosterols, phytosteryl esters, phytostanols and/or phytostanyl ester [8] .
At present, several functional food product types such as spreadable fats, yoghurts and milk, with free phytosterols or phytosteryl fatty acid esters or phytostanyl fatty acid esters added at high levels, are available in the market-especially in several European countries [5] .
Physiological functions of phytosterols
Initially, it was shown that soybean sterols could inhibit the increases in plasma and liver cholesterol normally seen in cholesterol-fed chicks, and also reduce the severity of atherosclerotic lesions [9] [10] [11] . Contrary to popular belief, the use of phytosterols for lowering serum cholesterol levels is not new. For instance, ␤-sitosterol has been used since the 1950s as a supplement and as a drug for lowering serum cholesterol levels in hypercholesterolemic individuals [12] . Since then, several clinical studies have been made on the effect upon blood lipids of 4-demethyl plant sterols or stanols, either in their free or esterified form. These compounds reduce total cholesterol and LDL-cholesterol levels through a reduction in cholesterol absorption. Properly solubilized free sterols and esterified sterols possess similar cholesterol-lowering activity [13] [14] [15] [16] .
Phytosterols and phytostanols inhibit the uptake of dietary and endogenously produced cholesterol from the gut. The exact mechanism by which this occurs is not fully understood, though several theories have been proposed. One theory suggests that in the intestine, cholesterol already marginally soluble is precipitated into a non-absorbable state by the presence of added phytosterols and stanols. A second theory is based on the fact that cholesterol must enter bile salt and phospholipids containing "mixed micelles" to be absorbed into the bloodstream. Cholesterol is only marginally soluble in these micelles, and is displaced by phytosterols (and stanols)-thereby preventing its absorption [6] .
In addition to the mentioned blood cholesterol-lowering effect, phytosterols have shown the following activities in animals: anti-cancer properties (with a beneficial effect upon the inhibition of colon cancer development) [17] [18] [19] [20] , and antiatherosclerotic [21] , anti-inflammatory [22] and anti-oxidative effects [23] .
The beneficial effect of phytosterols on serum low density lipoprotein (LDL) cholesterol levels has led to many studies of these compounds in foods and the diet. This increased attention on phytosterol research prompted the development of functional foods with added plant sterols.
Phytosterol contents in foods
Sterols make up the largest proportion of the unsaponifiable fraction of lipids. Plant fats and oils contain phytosterols as naturally occurring constituents. The most important natural sources of plant sterols in human diets are oils and margarines, although they are also found in a range of seeds, legumes, vegetables and unrefined vegetable oils [4, [24] [25] [26] [27] . Cereal products are a significant source of plant sterols, their contents, expressed on a fresh weight basis, being higher than in vegetables.
The most abundant sterols in plants are 4-demethylsterols such as sitosterol, campesterol, stigmasterol, 5 -avenasterol, and 7 -avenasterol. Sitosterol is the predominant sterol (90%). Other sterols such as saturated stanols and sterols synthesized earlier in the biosynthesis pathway, such as 4-monomethyl and 4,4-dimethyl sterols, usually appear in lower amounts [28, 29] .
In foods, plant sterols occur as free sterols, fatty acyl esters, glycosides and fatty acyl glycosides, with substitutions occurring at C3. Accordingly, the total sterol content is defined by the sum of all of them, whereas cholesterol occurs either as free alcoholic sterol or as cholesteryl esters [30] [31] [32] .
Cereal products are a significant natural plant sterol source (free, esterified and steryl glycosides). The total sterol contents of rye (95.5 mg/100 g, wb), wheat (69.0), barley (76.1) and oat (44.7) have been reported in Finland [28] . A median total phytosterol concentration of 49 mg/100 g (range 4.1-344) edible portion has been reported for some cereal foods commonly consumed in Sweden and in the Netherlands, ␤-sitosterol generally being the dominant form (62%), followed by campesterol (21%) and, in smaller concentrations, stigmasterol (4%), ␤-sitostanol (4%) and campestanol (2%) [33] . Free and esterified sterol contents of 52.7 and 52.8 mg/100 g, respectively, have been reported in spelt (Triticum spelta) and winter wheat (Triticum aestivum), which also contain 123.8 and 112.6 mg/100 g, respectively, of glycosylated sterols [34] .
Phytosterols have also been quantified in nuts and seeds commonly consumed in the United States-the highest and lowest phytosterol contents corresponding to sesame seed and wheat germ (400-413 mg/100 g), and the lowest to Brazil nuts (95 mg/100 g). Beta-sitosterol, 5 -avenasterol and campesterol were found to be the predominant forms. It should be noted that the values obtained include steryl glycosides, which represent a significant proportion of total sterols in nuts and seeds [35] .
In nuts (walnuts, almonds, peanuts, hazelnuts and the macadamia nuts), ␤-sitosterol is the most abundant sterol, the total sterol contents ranging from 99.12 to 207.17 mg/100 g oil. Only small differences were found between the campesterol and stigmasterol contents [36] . In walnuts, a campesterol content of 6 mg/100 g, and trace levels of stigmasterol have been reported [24] . The levels of stigmasterol of 3.81 and 3.83 mg/100 g oil in hazel and macadamia nuts mentioned by Maguire et al. [36] , are in line with the reports of different authors [37] [38] [39] [40] .
The free and esterified sterol concentrations in 31 edible oils and fats, including individual values for sitosterol, campesterol, stigmasterol, brassicasterol, 5 -avenasterols, sitostanol, campestanol, and cholesterol, have been reported [41] . A high variability in the proportion of free and esterified sterols has been reported among different oils and fats. In soybean oil, stigmasterol and sitosterol contents of 61 and 118 mg/100 g, respectively, have been recorded [42] .
Among foods of animal origin, particularly bivalve shell fish species, 20 different sterols with cholesterol present as the major sterol (19-39%) and trans-22-dehydrocholesterol, brassicasterol, 24-methylenecholesterol and campesterol individually accounting for >10% in at least one species, have been detected. This wide range of sterols in bivalves reflects their varied phytoplankton food sources [43] .
Estimated average intakes of phytosterols
The estimated daily dietary intakes of plant sterols among different populations range from 160 to 400 mg [44] .
The average intakes of phytosterols have been estimated between 140 and 360 mg/day in Finland [45] and 163 mg/day in the United Kingdom [46] .
In the Netherlands, the mean intakes (mg/day) of cholesterol (202), campesterol (27) , stigmasterol (15) , and ␤-sitosterol (102) have been estimated by gas-chromatographic (GC) determination of non-derivatized sterols in duplicate 24-h diets (among 123 people, in the spring and autumn of 1994) [47] . On the other hand, the Netherlands Cohort Study on Diet and Cancer reported a mean intake of 359 mg phytosterols/day, of which 64% corresponded to ␤-sitosterol, 18% to campesterol, and 9% to stigmasterol [48] .
Plant sterols are less efficiently absorbed than cholesterol (2-5 and 60%, respectively) [49, 50] , while phytostanols are more poorly absorbed than phytosterols.
Analytical methods
The physiological effects of phytosterols, and mainly their cholesterol-lowering properties, have increased interest in their occurrence in foods and diets. As a result, there is also growing interest in their determination in foods, where phytosterols and phytostanols can be intrinsic or added, and analytical methods for measuring them have been developed.
As mentioned above, plant sterols are found in foods as free sterols, steryl esters, steryl glycosides and acylated steryl glycosides [30] . In turn, in sterol-enriched foods, phytostanols, phytosterol and phytosterol/phytostanol esters have been used. Thus, the ideal sample preparation procedure for total sterol determination would include the analysis of all possible conjugates of sterols [32] .
In most cases, the determination of sterol components is based on the analysis of sterols as alcohols instead of steryl/stanyl esters as such, which is good from the labeling point of view-requiring the free sterol contents to be stated.
It should be noted that no official reference methods has been especially developed for the analysis of phytostanols or phytosterols in sterol-enriched foodstuffs. Some international reference methods exist for the analysis of sterol fractions of fats and oils, such as the ISO 6799 [51] , IUPAC methods 2.401 [52] and 2.403 [53] , ISO 12228 [54] and AOCS Ch 6-91 [55] . Also, Codex Stan 210 [56] refers to ISO 6799 [51] and IUPAC 2.403 [53] methods. All these methods have been developed for the analysis of sterols as natural minor food components, meaning that the sterol contents are 1% or lower, whereas in functional food products the stanol/sterol concentrations presently may be as high as 8% [5] .
An excellent and comprehensive review of the chromatographic methods used in sterol determination has been carried out by Abidi [57] . In the present review, different steps of the analysis will be discussed.
The determination of phytosterols in plant material is usually performed by capillary gas chromatography (GC), with flame ionization detection (FID) or mass spectrometry (MS) to confirm peak identity, although HPLC can also be used. However, it is GC of sterol silyl ether (or acetate derivatives) coupled with electron impact or chemical ionization MS that provides the most effective resolution, identification and quantitation (by selected ion monitoring) [58] . Validation methods for the determination of sterols in foods, diet samples and in human serum, including quality control checking analyses, using GC-FID have been published [32, 33, 59] .
Typically, the analysis of individual sterols includes the extraction of lipids, saponification or acid hydrolysis and saponification to liberate sterols, extraction of unsaponifiable matter and separation/partial purification of sterols, e.g., by TLC or SPE, the formation of sterols derivatives, and their analysis by capillary GC [5, 32, 47, 60] .
Sample storage conditions
Sterols are unstable components, which is why the storage conditions of the sample prior to determination must be taken into account. As an example, it has been shown that sterols are more stable in non-lyophilized material (homogenized diet) stored at −20 • C than in lyophilized material stored at 4 • C; in this case after 6 weeks of storage, the sterol content decreased and the chromatogram showed additional peaks [47] .
Sample preparation
One of the most critical steps in the analysis of biological fluids and compounds in biological matrices is sample preparation. To prevent sterol oxidation, the oxygen has to be removed by blowing nitrogen, and anti-oxidants such as pyrogallol can also be used [47] .
A reliable sample preparation method has been developed for the GC measurement of the total contents (including free, esterified and glycosylated forms) of individual sterols in foods [32] .
Solvent extraction
The isolation technique to be applied depends on the nature of the matrix, its physical state (liquid or solid), and also on the form (free, esterified and glycosylated) in which sterols occur within the matrix.
Phytosterols in plant tissues and seed oils can be isolated by solvent extraction with chloroform-methanol [61] , chloroform-methanol-water [62, 63] , hexane [64] [65] [66] , methylene chloride [67, 68] or acetone [69] followed by alkaline hydrolysis and chromatographic purification to obtain enriched total sterols.
The solvent system chloroform-methanol-water [62, 63] has been applied by Thompson and Merola [70] to determine cholesterol in multicomponent foods as an alternative method to the AOAC [71] , and has been reported to be capable of determining major non-glycosidic plant sterols. A modification of this method has been applied for the determination of plant sterol contents in research diets [59] .
A solid phase extraction (SPE) method using neutral alumina cartridges has been applied for the extraction of free and esterified sterols from oils and fats [41] .
Lipids from vegetables can also be extracted by supercritical fluid extraction (SFE) with supercritical CO 2 , after which sterols can be enriched and isolated following saponification [72, 73] or supercritical fluid fractionation (SFF) [74] together with additional sample clean up using different chromatographic techniques.
To isolate the non-glyceridic components (hydrocarbons, tocopherols, sterols and sterol esters) from the slightly more polar triacylglycerol matrix, solid phase extraction SPE (silicagel) has been used [75] . Prior to SPE, the free hydroxyl group of sterols and tocopherols were silylated to reduce their polarity. The eluted fraction was then analyzed by GC. As compared to solvent extraction, SPE is an environmentally more friendly technique which provides a more convenient way for sample extraction, with a reduced loss of sterol analytes.
Saponification
Direct saponification methods have been applied for the determination of plant sterols in pasta products [76] and in multicomponent diet samples [47] . However, the acetal bond between the sterol and the carbohydrate moiety cannot be hydrolyzed in alkaline conditions, and therefore direct saponification methods fail to quantify steryl glycosides [77] . Some matrices such as cereals require acid hydrolysis to release bound sterols in cereals [4] .
Acid hydrolysis (6 M HCl), alkaline saponification (96% ethanolic KOH) and lipid extraction with toluene have been used for the determination of phytosterols and phytostanols in cereal products [25] . A combination of acid hydrolysis and alkaline hydrolysis is superior to alkaline hydrolysis alone [32, 78] .
Saponifications are quite laborious for routine analysis, and on the other hand, acid hydrolysis is not applicable to 7 -phytosterols (e.g., 7 -avenasterol, 7 -stigmastenol, etc.), because they decompose or isomerize after a short time of acidic hydrolysis [79] . The occurrence of 7 -sterols appears to be restricted to only a few plant families, e.g. Cucurbitaceae and Theaceae. In refined vegetable oils, sterols occur only in free and esterified form, because steryl glycosides, if originally present, are removed during the oil refining process [1, 32] .
Saponifications with ethanolic potassium hydroxide, either at room temperature or with heating (hot saponification) have been described: hot saponification with ethanolic potassium hydroxide in the presence of an internal standard (5␤-cholestan-3␣-ol) is adequate for most matrices having added phytosterols/phytostanols, such as spread, milk and yoghurt [5] . In saponification at room temperature, an aliquot of lipid extract or oil sample is stirred overnight at room temperature with 1 M ethanolic potassium hydroxide [64, 80, 81] .
To obtain total free, esterified and glycosidic sterols, acid hydrolysis has to be applied to the lipid extract. Acid hydrolysis is carried out with 0.5 M methanolic HCl in a Teflon screwcap test tube with a leak-proof cap at 75 ± 2 • C for 22 h, with constant shaking at 145 rpm [82] .
Although the isolation of unsaponifiable material containing, among others, phytostanols and phytosterols, after saponification by organic solvent extraction can be rather time consuming, most methods use multiple extractions in a separator funnel with an organic solvent (diethyl ether, ether, light petroleum or heptane)-followed by evaporation of solvent to dryness. However, during washing and shaking, difficult to break emulsions may be formed. The use of small columns of aluminum oxide (alumina) in a form of solid phase extraction can replace extractions, avoiding emulsions and saving a lot of time during serial analyses. In addition, reproducibility can be improved. The soap solution is applied as is, i.e., in ethanol, to a small aluminum oxide column. The potassium salts of free fatty acids are strongly bound to the aluminum oxide surface by the formation of highly insoluble aluminum soaps. The unsaponifiable component is then eluted from the column with ether [83] .
Sterol extracts usually require further clean up and/or enrichment techniques to remove interferences.
Purification/enrichment techniques
Column chromatography (CC) and thin layer chromatography (TLC) are accessible and affordable separation techniques [79, 84] , the choice depending on the amount of sample to be processed. Both techniques are adequate for sample clean up, purification, qualitative assays and preliminary sterol estimation studies [57] .
TLC on silica gel with suitable mobile phases has been used to fractionate lipid or non-saponifiable lipid extracts [85, 86] . Spots can be visualized with a UV lamp on a silicagel plate impregnated with a fluorescence indicator such as dichlorofluorescein.
However, the fractionation of sterols with CC and TLC is time consuming and therefore not suitable for routine analysis. That is why in the purification and/or fractionation of lipid extracts or non-saponifiable fractions, these techniques have often been replaced by solid phase extraction (SPE) cartridges, providing faster fractionation and using smaller volumes of solvent. Solid phase microextraction (SPME) is presently widely used separation/preparation methods for biological samples [29] .
SPE has been used in reverse-phase (RP) mode (octadecylsilica) to isolate the sterol fraction from the unsaponifiable extract, and in normal-phase (NP) mode to separate trimethylsilyl (TMS) derivatives from a non-saponified vegetable oil sample [87] . Neutral alumina SPE cartridges have been used for the determination of both free and esterified sterols [41] . To separate free sterols from steryl glycosides, silica SPE cartridges have been employed [38, 79] .
Determination

Gas chromatography
Capillary gas chromatography (GC) has been the technique of choice for the analysis of sterols and related compounds. Capillary columns offer shorter analysis times and lesser peak interference, improvement in component resolution, and high thermal stability compared with packed columns [57] .
The majority of sterol determinations have been carried out with non-polar stationary phases (100% polysiloxane phases) in capillary columns. However, the use of a slightly polar stationary phase, for instance 5% diphenyl-95% dimethylpolysiloxane of high thermal stability, provides better resolution of the peaks-allowing almost baseline separation of the trimethylsilyl (TMS) ether derivatives from the campesterol/campestanol and sitosterol/sitostanol pairs. Similar separation is not achieved with non-polar stationary phases coated with 100% methyl polysiloxane. An excellent separation of campesterol and campestanol, and of sitosterol, sitostanol and 5 -avenasterol has been achieved with a fused-silica capillary column (14% cyanopropyl-phenyl-methylpolysiloxane) of low/medium polarity [88] .
Although the separation of sterols and stanols as such without derivatization is possible [46] , the resolution of a sterol and its corresponding stanol is not as good as that of their trimethylsilyl (TMS) derivatives. Thus, usually prior to capillary GC, sterols and stanols are conventionally transformed into derivatives that yield improved peak shape, resolution and sensitivity, and a higher stability for the thermally labile unsaturated sterols [5] . Sterols are commonly analyzed as their trimethylsilyl (TMS) or acetate derivatives. The former are more suitable for the GC-MS characterization and quantitation of sterols.
Derivatizing agents usually utilized: N-methyl-N-trimethylsilyltrifluoroacetamide (MSTFA) in anhydrous pyridine and bis(trimethylsilyl)-trifluoroacetamide (BSTFA) containing 1% of trimethylchlorosilane (TMCS) (1:1, v/v) added to a dried sample.
Simultaneous derivatization with BSTFA and extraction (by SPME) can also be carried out. Prior to extraction, the fiber (polyacrylate) is coated with BSTFA in the vapor phase, and on sampling the analytes (saponified sample) are converted into derivatives that have a high affinity for the coating. The procedure was applied to the determination of three precursors in the cholesterol biosynthesis pathway (desmosterol, lathosterol and lanosterol) and the determination of two phytosterols (sitosterol and sitostanol) in serum. The internal standard (IS) was 5␣-cholestane. The serum matrix interferes with the SPME method, and the standard addition procedure must be applied for quantitation [29] .
Selection of internal standard (IS): to eliminate analytical errors due to fluctuations in instrument operation conditions and other experimental variables, GC peaks of sterols are represented by their retention times relative to a reference standard or an internal standard (IS). On the other hand, losses of sterol analytes during isolation and separation must be corrected for the final results of analyte quantification by using radioisotopes or most frequently internal standardization with standards not present in samples [89] .
The IS most commonly used in sterol determinations have been betulin, cholestane, 5␤-cholestan-3␣-ol (epicoprostanol) and 5␣-cholestan-3␤-ol [5, 31, 85, 90, 91] . However, an IS should be similar to the analytes, and cholestane is a sterol hydrocarbon lacking the position 3 hydroxyl group which is typical of sterols, while betulin has two hydroxyl groups and its structure and chemical properties differ even more from those of sterols. Thus, cholestane and betulin are not the best choices. In addition, their FID detector responses differ from those of sterols. Thus, the use of cholestane or betulin as IS would require detector response factors to be determined for sterols [5] . For most matrices 5␤-cholestan-3␣-ol (epicoprostanol) has been found to be adequate. Its structure closely resembles those of sterols, and it is absent from plant sterol samples. Its FID detector response is similar to that of stanols/sterols. Thus, correction factors are not needed for quantitation [5] . A chromatogram of phytosterols commonly found in foods using cholestane as IS is shown in Fig. 2 .
However, 5␣-cholestan-3␤-ol (␤-cholestanol) cannot be used for stanol analysis because samples may contain small amounts of cholestanol (dihydrocholesterol), which is the hydrogenation product of cholesterol.
Cholestanol and sitostanol are not suitable as IS, because they may occur in many fats. For this reason, some sterol determination methods such as for example the European olive oil method [83, 92] , recommend two analyses-one with cholestanol or sitostanol added as IS, plus one without the IS. In many cases, the use of a standard such as betulin, which is known not to occur in fats, can drastically cut the required number of analyses.
GC methods described for the determination of sterols in foods and published posterior to the comprehensive review carried out by Abidi [57] , are included in Table 1 . Sterols are routinely analyzed by GC-FID based on retention times, while GC-MS is used to confirm peak identities.
Liquid chromatography
Compared with GC, HPLC offers the advantage of operating under milder column temperatures, and under non-destructive detection conditions. It therefore seems suitable for the analysis of thermally unstable compounds such as sterols. However, the high lipophilicity of sterols can make sample processing and chromatography difficult. Potential contamination in the column or autoinjector has been minimized by using a high organic solvent content.
Normal-phase (NP) and reversed-phase (RP) HPLC techniques have been widely used for the analysis of lipid classes and individual sterols in various sample matrices. RP-HPLC uses less volatile polar organic solvents in water, and offers ready equilibration in a bonded silica stationary phase with the mobile phase solvents, compared with NP-HPLC; in general, RP-HPLC has been more frequently and more widely used than NP-HPLC for the separation of individual sterols [57] .
The most frequently used options have been alkylsilica stationary phases, and among them octadecylsilica (ODS) columns. As mobile phases, organic solvents (acetonitrile, methanol) or their aqueous solutions (depending on the analyte structures and sample matrices involved) have been used. HPLC methods described for the determination of sterols in foods and published posterior to the comprehensive review carried out by Abidi [57] , are included in Table 2 . Sterol detection has been carried out by UV (200-210 nm), photodiode array detection (DAD), refractive index (RI) detection, evaporative light scattering detection (ELSD), nuclear magnetic resonance (NMR) detection and mass spectrometry (MS), see Table 2 .
RP-HPLC in combination with UV or light scattering detection has been shown to be useful for the analysis of molecular species of steryl glycosides and acylated steryl glycosides [93, 94] . Prior to LC separation, TLC was applied for sample clean up and for the separation of different steryl species. The acylated species (steryl esters and acylated steryl glycosides) were converted to the corresponding non-acetylated species (free sterols and steryl glycosides) by alkaline hydrolysis. Using HPLC in combination with UV detection (200 nm), free sterol standards can be used to quantify steryl glycosides, since at low wavelengths the glycosidic residues do not affect the UV absorption properties of steryl glycosides [94] .
In HPLC-MS analysis, baseline separation of peaks is not always necessary, due to the high specificity and selectivity of the detection method. Recently, atmospheric pressure chemical ionization (APCI) with liquid chromatography mass spectrometry (LC-MS) was found to be suitable for sterol analyses in different samples matrices. LC-APCI-MS has been used to identify sterols in soybean oil [42] , to characterize phytosterols in spelt [95] , to determine ergosterol levels in bulrush [96] and to measure cholesterol oxides in different food supplies [97] . Because sterols are highly lipophilic with few polar functional groups, they are difficult to ionize through conventional electrospray methods [95] . APCI ionization is usable but is not the most sensitive method. Electron impact (EI) ionization in particular, and the recently developed atmospheric pressure photoionization (APPI) technique, are effective alternatives for lipophilic compounds [98] . However, APCI ionization is most widely used for the sterols analysis. APCI instruments are moreover commonly available, and APCI ionization can be easily coupled to the HPLC system. MS yields the most effective resolution, identification and quantitation (via selected ion monitoring) [58] . Intense fragment ions (m/z 369, 395, 397 and 399 for cholesterol, stigmasterol, sitosterol and sitostanol, respectively) have been observed, indicating the loss of water [M + H − H 2 O] + . This seems to be characteristic of sterols, as dehydration was observed in earlier reports with cholesterol oxides [97] , phytosterols [42, 95] and ergosterol [96] .
MS/MS detection is known to be specific and selective. However, in MS/MS spectra of sterols, the product ion spectra of the [M + H − H 2 O] + ions were quite similar to those obtained with MS.
The response factors expressed by the ratio of free sterols over ergosterol peak areas at 100 g/ml in the determination of several sterols in cereal by LC/MS 2 have been calculated [34] . It was found that response factors were related to sterol structure. Indeed, saturated sterols, with no double bond in the ring structure, exhibited low response factors (0.25-0.31), whereas unsaturated sterols with one double bond in the ring structure had high response factors (0.89-1.42). Further differences observed within free sterol response factors could be explained by differences in the sterol side chains [94] .
On-line liquid chromatography-gas chromatography (LC-GC) has been applied to the detection of vegetable oils in milk fat using ␤-sitosterol as marker. The method involves trans-esterification of the fat, pre-separation of the sterol fraction from other lipid constituents, and on-line transfer to the capillary GC system. This method avoids time-consuming sample preparation steps prior to GC analysis [99] . Supercritical fluid chromatography (SFC) employs inert supercritical carbon dioxide as mobile phase eluent. The technique is suitable for the analysis of phytosterols in vegetable oils [100] . Coupling supercritical fluid extraction (SFE) with SFC enables sample extraction, pre-concentration, preparative fractionation and chromatographic quantitation in a single operation [72, 101] .
Conclusions
According to their sensitivity and precision, the currently available techniques for sterol analysis can be classified as follows: GC > HPLC > SFC. The sensitivity order may vary depending on the sterol structures and detectors coupled to the chromatographic instruments. As reported above, GC-FID (or MS, when peak identity confirmation is needed) can be considered the method of choice for the determination of phytosterols in foods and diets.
It should also be noted that each matrix is unique, and conditions have to be selected to optimize the accuracy/yield of all forms of sterols in different sample types. On the other hand, faster procedures must be developed to facilitate the control of functional foods with added phytosterols.
